1. Introduction {#sec1-ijms-20-05444}
===============

Cachexia anorexia syndrome (CAS), defined by an ongoing loss of skeletal muscle mass (with or without loss of fat mass), is a common feature of advanced malignancy and some palliative medical conditions. CAS is a leading cause of reduced quality of life and of mortality in cancer patients \[[@B1-ijms-20-05444],[@B2-ijms-20-05444]\]. Diagnostic criteria of CAS include weight loss greater than 5%, or weight loss greater than 2% in individuals already showing depletion, according to current bodyweight and height (body mass index (BMI) \<20 kg/m^2^) or skeletal muscle mass (sarcopenia) \[[@B2-ijms-20-05444]\].

The nature of CAS is multifactorial \[[@B2-ijms-20-05444]\] and includes involuntary weight loss, reduced food intake, increased energy consumption, and protein and fat catabolism. Loss of appetite (anorexia) is common among patients with advanced cancer, with a reported prevalence as high as 66% \[[@B3-ijms-20-05444],[@B4-ijms-20-05444],[@B5-ijms-20-05444]\]. Anorexia is caused by ghrelin resistance, cytokine release, and a decreased hypothalamic drive to eat, but also by pain, weakness, dry mouth, difficulty chewing or swallowing, dysphagia, constipation, chemosensory disturbances (e.g., taste and smell), early satiety, and nausea. These can all contribute to reduced caloric intake \[[@B2-ijms-20-05444],[@B4-ijms-20-05444],[@B5-ijms-20-05444],[@B6-ijms-20-05444]\].

Peritoneal metastasis (PM), defined as the transcoelomic spread of cancer onto the visceral and parietal surfaces of the peritoneum, is a frequent condition in gastrointestinal and gynecological cancers \[[@B7-ijms-20-05444]\]. PM causes considerable morbidity and mortality, despite recent improvements in multimodal therapy \[[@B8-ijms-20-05444]\]. In patients with PM, intestinal dysfunction and decreased gastrointestinal motility caused by tumor infiltration of the bowel contribute to anorexia \[[@B9-ijms-20-05444]\]. Anorexia and nausea is also exacerbated by medications, in particular systemic chemotherapy and morphine derivatives \[[@B10-ijms-20-05444]\]. Malignant ascites is common in PM patients. Repeated drainage of ascites improves symptoms such as abdominal fullness and breathlessness, but worsens protein loss, sarcopenia, and renal dysfunction \[[@B11-ijms-20-05444]\].

Despite its essential contribution to the pathogenesis of cancer CAS, reduced caloric intake cannot entirely explain the metabolic catabolism observed in this condition. Optimal compensated nutritional intake including total parenteral nutrition (TPN) is unable to curb the progression of cachexia and protein loss in cancer patients, as compared to simple starvation \[[@B12-ijms-20-05444],[@B13-ijms-20-05444]\].

2. Physiology of Starvation {#sec2-ijms-20-05444}
===========================

An examination of the physiology of starvation is relevant to an understanding of the syndrome of cancer CAS and potential treatments. As shown in [Figure 1](#ijms-20-05444-f001){ref-type="fig"}, three fasting/starvation phases can be defined based on a particular pattern of body mass loss and the substrates being metabolized \[[@B14-ijms-20-05444],[@B15-ijms-20-05444]\]. Phase I is short, ranging from many hours to a week, with increasing reliance on body stores of glycogen, lipids, and protein as well as progressive depletion of glycogen stores to maintain glucose availability. Within 24 h, glycogen stores of the body, especially in the liver, are utilized by up to 85% to provide energy. Glycogen metabolism is replaced by gluconeogenesis (GNG), where required carbon chains are mainly supplied by muscle proteins \[[@B15-ijms-20-05444],[@B16-ijms-20-05444]\]. Then, progressively, metabolic activity is slowed, together with protein utilization \[[@B14-ijms-20-05444],[@B15-ijms-20-05444]\]. The human body adapts its consumption of energy reserves during the decreased caloric intake and fat free mass (FFM) of starvation by decreasing resting energy expenditure (REE).

Under physiological conditions, protein mass is preserved with a progressive selection of fat as a body fuel including glycerol for GNG. Continued important sparing of visceral and muscle proteins is characteristic of phase II of starvation, lasting several weeks. Although amino acids are still utilized for continued gluconeogenesis, there is an increase in the production of lipid-derived ketone bodies that serve as a glucose substitute for ensuring organ function \[[@B14-ijms-20-05444],[@B15-ijms-20-05444]\].

However, prolonged fasting eventually results in the depletion of fat stores and, since downregulation of fatty acid oxidation is not indefinite, the contribution of amino acids to fuel metabolism by gluconeogenesis increases again. This switch is observed in phase III of starvation, and announces the last few weeks (or days) of life \[[@B15-ijms-20-05444],[@B17-ijms-20-05444],[@B18-ijms-20-05444]\]. In extremely malnourished persons near death (BMI \< 10 kg/m^2^), there is a paradoxical increase in REE, which is known as 'King Penguin' syndrome. The increased REE in the final stage of starvation is associated with elevated protein catabolism, increased urinary nitrogen excretion, near zero fat mass, and low fatty acid levels. This paradoxical response is related to the mobilization of the last available muscle mass (including visceral/cardiac/diaphragm/respiratory). The energy production from protein has a decreased metabolic efficiency \[[@B16-ijms-20-05444]\]; energy per wet mass of protein being eight times lower than fat. Modifications of cellular and mitochondrial membranes also contribute to the increased REE, explaining the accelerated loss of body mass during phase III \[[@B15-ijms-20-05444]\].

3. Cancer Cachexia Anorexia Syndrome (CAS) {#sec3-ijms-20-05444}
==========================================

CAS should be distinguished from starvation ([Table 1](#ijms-20-05444-t001){ref-type="table"}). Preserved appetite, ghrelin response, sparing of resources, and decreased energy consumption is an essential adaptation of animals and humans during prolonged fasting. However, ghrelin resistance, tumor and host derived cytokine release, loss of appetite, metabolic inefficiency, protein loss, and energy wasting are characteristic of CAS \[[@B12-ijms-20-05444],[@B19-ijms-20-05444]\].

Cancer cachexia is characterized by cancers recruiting a catabolic host response to supply nutrients for anabolic tumor metabolism and cancer progression. This results in a negative energy balance in the host. The energy consumption of a tumor can be estimated based on REE, glucose turnover, glucose recycling, and oxygen consumption in cancer patients. This tumor energy consumption varies widely from 190--470 kcal/kg tumor/day. Depending on the tumor burden and tumor metabolic activity, the overall tumor energy cost to the host can range from 100--1400 kcal/day \[[@B20-ijms-20-05444]\]. The impact of this tumor energy cost on the patient is dependent on patient body mass. For example, tumor energy costs of 300 kcal/day will be 25% of REE of a patient at a normal REE of 1200 kcal/day, but only 15% of REE for a patient with a normal REE of 2000 kcal/day. This energy consumption by cancers and elevated REE contributes substantially to the progressive cachexia and energy store depletion in cancer CAS patients \[[@B20-ijms-20-05444]\].

Elevated REE is observed particularly in patients with metastatic cancer or long duration of disease \[[@B3-ijms-20-05444],[@B21-ijms-20-05444]\], as confirmed in our cohort of patients with peritoneal metastasis \[[@B3-ijms-20-05444]\]. At first hospital admission, malnutrition was moderate with a stage B subjective global assessment score (SGA). Body mass index was initially conserved, as were the skeletal muscle percentage, the visceral fat level, and body fat percentage. These were measured by bioelectrical impedance analysis (BIA) and skinfold thickness. Total serum protein and serum albumin were at the lower limit of normal. Later in the course of disease, nutritional status worsened, C-reactive protein (CRP) increased, skeletal muscle percentage, albumin and total protein serum levels further deteriorated, and REE increased until death. In parallel, the ascites volume also increased substantially, causing further protein loss and severe hypoalbuminemia \[[@B3-ijms-20-05444]\]. These effects were more pronounced in patients with PM of gastrointestinal origin than in women with PM of ovarian origin \[[@B3-ijms-20-05444]\]. Presence of CAS in PM patients was confirmed in a later study of 84 women with PM derived from gynecological cancers. At first hospital admission, mean visceral fat level, skeletal muscle mass, albumin and protein levels were below normal limits and diagnostic criteria of CAS were met in 23% of patients \[[@B22-ijms-20-05444]\].

4. Metabolic Dysfunction in Peritoneal Metastasis {#sec4-ijms-20-05444}
=================================================

Millions of cancer cells may remain within the peritoneal cavity after a cancer resection operation \[[@B23-ijms-20-05444]\]. Fortunately, most of them do not give rise to PM. Cancer cells shed into the peritoneal cavity have lost contact with their tumor microenvironment. They are hypoxic (in the absence of vascular supply) and have less access to nutrients. Detachment of cells from the extracellular matrix into the coelom initiates a cascade of metabolic adaptations. In order to survive, these cells have to find a metastatic niche (e.g., a peritoneal wound after surgery) or to develop resistance to anoikis (i.e., evasion of programmed cell death). Resistance to anoikis requires a switch from oxidative phosphorylation (OXPHOS) to cytosolic glycolysis, which is mediated by glycolytic enzymes and hypoxia inducible factor-1α (HIF-1α) \[[@B24-ijms-20-05444]\].

Glucose is a key energy substrate of cells used to generate Adenosine triphosphate (ATP), maintain redox state, and create biomass. In normal eukaryotic cells as well as in cancer cells, glucose can be catabolized in the cytoplasm via glycolysis to lactate, or alternatively to carbon dioxide and water in the mitochondria via OXPHOS \[[@B25-ijms-20-05444]\].

Under normal physiological conditions, there is minimal lactate production and most cells produce ATP via OXPHOS. However, during strenuous exercise or hypoxia, lactate production is greatly increased and lactate is either recycled locally or transported to the liver for recycling by gluconeogenesis and lactate dehydrogenase (LDH) via the Cori cycle. This is extremely energy inefficient, as six ATP are consumed to produce one molecule of glucose. In advanced malignancies, hepatic GNG is markedly increased, and cancer derived lactate is regenerated to glucose, which is scavenged by cancers for further proliferation and anabolism. The liver also contributes to cancer cachexia by recycling proteins from muscle wasting for amino acid production. The resulting alanine and glutamine provide energy substrates for GNG and tumor growth. Insulin resistance and decreased circulating levels of IGF-1 are also associated with the increased hepatic gluconeogenesis in CAS, which contributes to muscle wastage by diminishing muscle utilization of glucose and inhibiting muscle growth \[[@B26-ijms-20-05444],[@B27-ijms-20-05444]\].

A significant increase in energy exploitation by cancers can be explained by the 'Warburg effect' \[[@B28-ijms-20-05444]\]. The Warburg effect refers to Otto Warburg's original observation that cancers preferentially use 'aerobic' cytosolic glycolysis as a source of energy rather than the more efficient mitochondrial pathway of OXPHOS, even under normoxic conditions \[[@B24-ijms-20-05444],[@B25-ijms-20-05444]\]. Aerobic glycolysis is 90% less efficient, but at the same time 10--100 times more rapid in producing ATP when compared to mitochondrial OXPHOS (2 ATP vs. 30 ATP per glucose molecule) \[[@B20-ijms-20-05444]\]. Thus, a major upregulation of glucose transporters and glucose usage, glycolytic enzymes, and lactate production is required for the maintenance of ATP production to ensure tumor cell survival \[[@B24-ijms-20-05444],[@B29-ijms-20-05444]\]. Variations of the glycolytic ratio within tumors (from 0 to 100%) can alter the energy cost of tumors over a 2- to 3-fold range \[[@B20-ijms-20-05444]\].

In the microenvironment of solid tumors, HIF-1α plays a key role in activating both aerobic and anaerobic glycolysis, and increasing metabolic flux of glucose, lipid, and glutamine in cancer cells \[[@B24-ijms-20-05444],[@B30-ijms-20-05444]\]. Cytoplasmic glycolysis results from HIF-1α-induced upregulation of hexokinase II, phosphoglycerate kinase 1 (PGK1), pyruvate dehydrogenase kinase (PDK), pyruvate kinase muscle isoenzyme 2 (PKM2), lactate dehydrogenase (LDH), and glucose transporters (GLUT1,2) \[[@B24-ijms-20-05444],[@B31-ijms-20-05444],[@B32-ijms-20-05444]\]. Feeding glucose into the hexokinase pathway to produce lactate, and into the pentose phosphate pathway (PPP) for the production of Nicotinamide adenine dinucleotide phosphate (NADPH) and glutathione, rather than the production of acetyl-CoA from pyruvate for mitochondrial OXPHOS, helps to minimize electron leakage from the respiratory chain in dysfunctional mitochondria during hypoxia. This protects against the generation of reactive oxygen species (ROS) and oxidative stress in hypoxic or 'homeless' cells and prevents mitochondrial mediated apoptosis. At the same time, HIF-1α can stimulate the utilization of glutamine and fatty acids as alternative substrates to glucose for mitochondrial energy production \[[@B24-ijms-20-05444]\].

5. Reverse Warburg Effect {#sec5-ijms-20-05444}
=========================

The use of glycolysis by hypoxic cancer cells is explained by the inhibition of mitochondrial pyruvate dehydrogenase (PDH) by PDK, and their inability to process glucose via OXPHOS. However, the majority of aerobic cancer cells contain functional mitochondria \[[@B35-ijms-20-05444]\]. As well as a glycolytic phenotype, OXPHOS is maintained within cancer tissue \[[@B35-ijms-20-05444]\]. These observations support a further theory named the 'reverse Warburg effect' \[[@B36-ijms-20-05444]\]. The metabolic reprogramming in cancer is explained in this theory on the basis of a two-compartment model with interactions between catabolic cancer-associated fibroblasts (CAFs) and anabolic cancer cells to meet metabolic demands and maintain ATP production in cancer cells \[[@B25-ijms-20-05444],[@B33-ijms-20-05444]\]. The transformation of normal fibroblasts into activated CAFs is modulated by ROS and IL-6. Reactive oxygen species produced by catabolic cancer cells and the downregulation of the Krebs cycle enzyme isocitrate dehydrogenase 3α (IDH-3α) upregulates HIF-1α and NADH dehydrogenase (ubiquinone) 1 alpha subcomplex, 4-like 2 (NDUFA4L2), which in turn inhibits OXPHOS and promotes CAF glycolysis \[[@B33-ijms-20-05444]\] ([Figure 2](#ijms-20-05444-f002){ref-type="fig"}, 4).

Furthermore, downregulation of stromal Cav-1 plays an important role in CAF transformation and additionally induces a self-destructive autophagy/mitophagy program in CAFs to create a nutrient-rich tumor microenvironment \[[@B36-ijms-20-05444],[@B37-ijms-20-05444],[@B38-ijms-20-05444]\]. CAFs in turn fuel cancer cells by producing and exporting high-energy metabolites, especially lactate, pyruvate, glutamine, and ketone bodies. Catabolite transporters allow for export from CAFs (monocarboxylate transporter 4 (MCT-4)) and uptake (monocarboxylate transporter 1 (MCT-1), glutamine transporter) into adjacent cancer cells, where they are used to generate energy via OXPHOS or for anabolic processes to support cell division and tumor mass \[[@B33-ijms-20-05444],[@B39-ijms-20-05444]\]. The export of lactic acid into the extracellular space by CAFs and uptake of the lactate by adjacent cancer cells also maintains an acidic extracellular tumor microenvironment (pHe) and alkaline intracellular CAF environment (pHi). This enables tumor cell intravasation, immune evasion, angiogenesis, and chemotherapy drug resistance and is fundamental to the survival and progression of PM \[[@B29-ijms-20-05444]\] ([Figure 2](#ijms-20-05444-f002){ref-type="fig"}).

The metabolic transformation of normal fibroblasts into CAFs is associated with the overexpression of enzymes involved in glucose uptake (GLUT1) and in cytoplasmic glycolysis such as HK2, 6-phosphofructokinase liver type (PFKL), and PKM2 \[[@B33-ijms-20-05444],[@B40-ijms-20-05444]\]. In the tumor mass, CAFs have the largest increase in glucose uptake. Thus the increased 2-deoxy-2-\[^18^F\] glucose (^18^F-FDG) uptake in the PET scanning (SUVmax) of solid tumors is mainly due to increased glucose uptake into CAFs as a result of the reverse Warburg effect, rather than increased uptake into cancer cells \[[@B34-ijms-20-05444],[@B41-ijms-20-05444]\] ([Figure 2](#ijms-20-05444-f002){ref-type="fig"}).

6. Host Inflammatory Response and CAS {#sec6-ijms-20-05444}
=====================================

The increased cytoplasmic glycolysis, glucose transport, and glucose levels within the tumor mass, especially under hypoxic conditions, are associated with an increase in reactive aldehydes (e.g., methylglyoxal), non-enzymatic glycation, and oxidation of proteins. The products of this process are advanced glycation end products (AGE), also known as glycotoxins (e.g., hydroimidazolone (MG-H1) and argpyrimidine) \[[@B42-ijms-20-05444]\]. AGEs have numerous metabolic and signaling effects on the host and on tumor progression. They act through interaction with their AGE-Receptor (RAGE) \[[@B42-ijms-20-05444],[@B43-ijms-20-05444]\]. RAGE is a transmembrane multi-ligand protein receptor. AGE-RAGE interaction activates intracellular downstream signaling including nuclear factor-κB (NF-κB), HIF-1α, ERK, and AKT pathways involved in inflammation, cell proliferation, autophagy, carcinogenesis, muscle wasting, and protection against oxidative stress \[[@B42-ijms-20-05444],[@B44-ijms-20-05444]\]. AGE-RAGE ligand binding increases levels of the pro-inflammatory (M1) macrophage markers, iNOS and CD86, and the pro-inflammatory cytokines, IL-6 and TNF-α \[[@B45-ijms-20-05444]\]. RAGE is also a receptor for damage associated molecular pattern (DAMP) molecules, which originate from damaged cells and alert the immune system to tissue trauma \[[@B46-ijms-20-05444]\]. This also promotes the systemic inflammatory response in the host. For example, high-mobility group box 1 (HMGB1) is a nuclear protein released by necrotic cells, NK cells, macrophages, and dendritic cells. HMGB1 is a DAMP that acts as a chemokine and a cytokine in the extracellular compartment by binding to RAGE and activating NF-κB pathways, thereby inducing the release of cytokines such as IL-1, IL-6, and TNF-α and contributing to muscle proteolysis and autophagy \[[@B45-ijms-20-05444]\].

Glycolytic enzymes such as PGK1 are involved in the initiation of autophagy in tumor cells under hypoxic conditions with deprivation of resources. Via autophagy, cancer cells are able to recycle damaged or extruded cell organelles such as mitochondria and to utilize them for anabolic processes and/or energy production \[[@B47-ijms-20-05444]\].

The metabolic changes observed in cancer CAS patients are related to an increased systemic inflammatory response, rather than just an adaptation to starvation. Serum CRP is a cytokine that is elevated in patients with PM, particularly in aggressive malignancies such as sarcomatoid malignant peritoneal mesothelioma \[[@B48-ijms-20-05444]\]. Such elevation of CRP is associated with increased REE, protein catabolism, and a higher risk of death \[[@B49-ijms-20-05444]\]. In our cohort of patients with PM, CRP was increased by 6-fold, reflecting major and chronic systemic inflammation \[[@B3-ijms-20-05444]\].

Cytokines such as TNF-α, IL-1, IL-6, and interferon-gamma (IFN-γ) are released by both cancer cells and host immune cells (macrophages/lymphocytes). These are involved in mediating the pro-inflammatory state, stress response, anorexia, sickness behavior, hypermetabolism, and accelerated breakdown of protein, muscle, and adipose tissues in cancer cachexia patients \[[@B12-ijms-20-05444]\]. TNF-α (originally called cachexin) activates the ubiquitin-proteasome pathway via pro-inflammatory NF-κB, but also synergizes with IFN-γ and IL-1. These pro-inflammatory cytokines are also transported across the blood--brain barrier. They interact with the luminal surface of the brain endothelial cells, causing release of appetite-suppressing substances \[[@B50-ijms-20-05444]\]. Cytokine receptors are found in the hypothalamic areas of the brain that control food intake, appetite, and hunger \[[@B50-ijms-20-05444],[@B51-ijms-20-05444]\]. For example, in the arcuate nucleus of the hypothalamus, neuropeptide Y/agouti-related peptide neurons promote appetite (orexigenic), respond to ghrelin, are inhibited by Th1 cytokines (TNF-α, IL-6), and activate the parasympathetic nervous system to decrease REE. Conversely, the pro-opiomelanocortin/cocaine and amphetamine regulated transcript neurons promote anorexia (anorexigenic), are inhibited by ghrelin, stimulated by white adipose tissue (WAT) cytokines (e.g., leptin, adiponectin), and activate the sympathetic nervous system to increase REE via browning of AT and the uncoupling protein (UCP) \[[@B1-ijms-20-05444],[@B51-ijms-20-05444],[@B52-ijms-20-05444]\]. However, neutralizing antibody blockade of TNF-α (etanercept/infliximab), IL-6 (clazakizumab), or IL-1 receptors (MABp1) have not been proven to substantially improve CAS in animal or human trials \[[@B27-ijms-20-05444]\].

Patients with cancer CAS have been shown to respond poorly to immune checkpoint inhibitors including pembrolizumab, nivolumab, atezolizumab, and ipilimumab. This is related not only to malnutrition and hypoalbuminemia, but also the effect of cytokine release. In cancer cachexia animal models, elevated IL-6 has been shown to promote glucocorticoid-mediated immune suppression, which results in limited T-cell chemotaxis and poor response to immune checkpoint inhibition in the tumor microenvironment. By combining IL-6 inhibition with programmed death ligand-1 (PDL-1) targeted therapy in pancreatic adenocarcinoma, improved overall T-cell activation, and anti-tumor response was achieved in a murine model \[[@B53-ijms-20-05444],[@B54-ijms-20-05444]\]. This is relevant to patients with PM and CAS, as cancer cells in the peritoneum recruit peritoneal mesothelium, fibroblasts, monocytes, adipocytes, and endothelial cells to form a supporting stroma, which enables resistance to anoikis and evasion of T cell immunosurveillance \[[@B24-ijms-20-05444],[@B29-ijms-20-05444]\].

7. Catabolism of Fat Tissue {#sec7-ijms-20-05444}
===========================

The depletion of WAT in both visceral and subcutaneous depots also plays a central role in cancer cachexia \[[@B55-ijms-20-05444],[@B56-ijms-20-05444]\]. Inflammatory cytokines produced by the tumor or adipose tissue such as IL-6, TNF-α, and interleukin-1 beta (IL-1β) contribute to lipolysis, fat oxidation, and decreased lipogenesis as well as browning of white adipose tissue (beige adipose tissue). Differentiation of white adipocytes into brown adipocytes is regulated at a transcriptional level by peroxisome proliferator-activated receptor gamma (PPARγ) and PPARγ coactivator 1-alpha (PGC-1α). This is associated with the upregulation of expression of UCP, increased thermogenesis (non-shivering), loss of ATP production, and catabolic wasting of energy \[[@B57-ijms-20-05444]\]. The two lipases adipose triglyceride lipase (ATGL) and hormone sensitive lipase (HSL) promote lipolysis (hydrolysis of triacylglycerol to free fatty acids and glycerol) in WAT \[[@B56-ijms-20-05444]\]. Overexpression of ATGL and HSL in the WAT of cancer cachexia patients is well documented and correlates with falling BMI \[[@B57-ijms-20-05444]\]. Suppression of either HSL or ATGL expression in mice preserved not only WAT, it also protected against skeletal muscle loss, suggesting important cross talk between the AT and muscle in cancer cachexia \[[@B57-ijms-20-05444],[@B58-ijms-20-05444]\] ([Figure 3](#ijms-20-05444-f003){ref-type="fig"} and [Figure 4](#ijms-20-05444-f004){ref-type="fig"}).

8. Breakdown of Muscle Fibers {#sec8-ijms-20-05444}
=============================

Whereas adipose tissue mainly contributes to weight loss in starvation, both skeletal muscle and adipose tissue mass are severely depleted in cancer cachexia \[[@B60-ijms-20-05444]\]. A number of tumor/host-associated factors contribute to cancer cachexia associated loss of muscle fibers. Both protein catabolism and suppression of muscle growth participate in the muscle atrophy process. These are mediated by pro-inflammatory cytokines including TNF-α, IL-1, IL-6, IFN-γ, and proteolysis inducing factor (PIF) as well as other circulating TGF-β related molecules such as myostatin and Activin A \[[@B61-ijms-20-05444]\]. Pro-inflammatory cytokines exert their actions through their cognate receptors, initiating intracellular signaling cascades including the p38 mitogen-activated protein kinases (MAPK) and NF-κB pathways \[[@B62-ijms-20-05444]\].

TGF-β signaling via SMAD transcription factors results in the induction of the ubiquitin ligases muscle atrophy F-box protein (MAFBX or atrogin-1) and muscle RING finger-containing protein 1 (MuRF-1). The TGF-β superfamily members myostatin and Activin A share the membrane Activin type II receptor B (ActRIIB) \[[@B63-ijms-20-05444]\]. Thus, myostatin is a key suppressor of muscle anabolism \[[@B64-ijms-20-05444],[@B65-ijms-20-05444]\]. Myostatin activates the Smad/atrogin-1/MuRF-1 signaling cascade, and suppresses PI3K/AKT activity. Normally, PI3K/AKT activation results in phosphorylation of the FoxO family of transcription factors. Myostatin relieves the PI3K/AKT mediated inhibition of FoxO, allowing them to stimulate autophagy, promote expression of atrogin-1/MuRF-1, and upregulate other mediators of muscle catabolism \[[@B62-ijms-20-05444]\]. The mentioned catabolic pathways including FoxO and Smad2/3 inhibit the IGF-1 signaling axis, one of the most well characterized anabolic signaling cascades \[[@B62-ijms-20-05444]\]. Furthermore, Activin A, a member of the TGF-β superfamily that is produced by both tumor and immune cells, promotes atrophy in myotubes in murine models \[[@B61-ijms-20-05444],[@B66-ijms-20-05444]\]. Activin A concentration is elevated in cancer cachexia in humans and correlates with weight loss \[[@B66-ijms-20-05444]\]. Pharmacological blockade of the ActRIIB pathway with anti-ActRII antibodies (e.g., bimagrumab) showed promising results in animal models and human trials, not only preventing further muscle wasting, but reversing cancer-induced loss of skeletal muscle and cardiac atrophy \[[@B67-ijms-20-05444],[@B68-ijms-20-05444]\].

The loss of fat mass in cancer cachexia is associated with elevated levels of intramyocellular lipid droplets. This is a sign of defective fatty acid (FA) utilization and mitochondrial β-oxidation \[[@B69-ijms-20-05444]\], with important consequences for muscle performance. Apart from decreased skeletal muscle oxidative capacity and ATP production, other contributing factors in muscle attrition include oxidatively modified mitochondrial proteins, disrupted muscle protein synthesis, and increased mitochondrial membrane permeability \[[@B12-ijms-20-05444]\]. The resulting decrease in skeletal muscle density (SMD) and the extent of sarcopenia can be measured by CT scanning (e.g., psoas muscle volume). Sarcopenia is predictive of poor prognosis in cancer patients and correlates with the toxicity of chemotherapy and increased surgical morbidity \[[@B70-ijms-20-05444],[@B71-ijms-20-05444],[@B72-ijms-20-05444],[@B73-ijms-20-05444]\]. Sarcopenia is an independent prognostic indicator of poor overall survival in patients with advanced cancer stage \[[@B74-ijms-20-05444]\]. Mechanisms underlying muscle wasting in cancer CAS are illustrated in [Figure 4](#ijms-20-05444-f004){ref-type="fig"}.

A major acceleration in the attrition of muscle and adipose tissue is observed in the final stage of disease in patients with metastatic colorectal cancer during the 100 days preceding death. This is concurrent with uncontrolled activity of high metabolic rate tissues including the liver and treatment-resistant metastatic disease \[[@B75-ijms-20-05444]\].

9. Multifactorial Etiology of Cachexia-Anorexia Syndrome in Peritoneal Metastasis {#sec9-ijms-20-05444}
=================================================================================

The metabolic derangement observed in CAS is caused by increased metabolism and decreased caloric intake. Both tumor growth and systemic inflammatory response lead to considerable energy wastage. Anorexia results in poor caloric intake, and is particularly pronounced in PM patients due to bowel tumor invasion, abdominal pain, and ascites. The multifactorial etiology of CAS in PM patients is illustrated in [Figure 5](#ijms-20-05444-f005){ref-type="fig"}.

In PM patients, the following specific components contribute to the development of CAS:

9.1. Bowel Invasion {#sec9dot1-ijms-20-05444}
-------------------

Tumor spreading within the peritoneal cavity causes progressive intestinal dysfunction by infiltration of the bowel wall. Patients report ill-defined abdominal pain, nausea, and anorexia, which in turn impair adequate oral nutritional intake \[[@B14-ijms-20-05444]\]. Contrast-enhanced (intraluminal and intravenous) abdominal CT-scan can show centimetric peritoneal nodes, transition points and high grade obstruction \[[@B76-ijms-20-05444]\]. However, CT-scan has only limited sensitivity for small-volumetric peritoneal disease and underestimates diffuse small bowel involvement, particularly in patients receiving systemic chemotherapy \[[@B77-ijms-20-05444]\]. In our experience, patency of the small bowel is still present in a substantial proportion of PM patients presenting with nausea and anorexia, as demonstrated by small bowel series. However, muscular and serosal layers of the bowel are involved, resulting in progressive and life-threatening intestinal failure \[[@B8-ijms-20-05444]\].

9.2. Drug-Related Side Effects {#sec9dot2-ijms-20-05444}
------------------------------

Opioid receptors are expressed throughout the gastrointestinal tract. When stimulated by exogenous opioids, there are decreases in motility, secretion, and absorption of fluids, and increased sphincter function (pylorus/anal) \[[@B78-ijms-20-05444]\]. PM patients are commonly prescribed morphine derivatives because of visceral and abdominal pain. Opioids inhibit gastrointestinal and colonic transit by initiating non-propulsive contraction: the "opioid-induced bowel dysfunction syndrome" \[[@B79-ijms-20-05444]\].

9.3. Omental Metastasis {#sec9dot3-ijms-20-05444}
-----------------------

Cancer cells shed into the peritoneal cavity frequently implant onto the omentum. This is mediated by chemokine homing from omental adipokine release and tumor PGK-1 expression. Omental adipocytes can provide alternative energy substrates to glucose, which enables shed cancer cells to resist anoikis. Stored triglycerides in omental adipocytes undergo lipolysis to provide free fatty acids (FFA) and glycerol. Beta-oxidation of these FFAs can be used by cancer cells to produce acetyl-CoA for the Kreb's cycle or for cell membrane production (e.g., phospholipids). Thus, fat stores can be utilized by PM for further growth, contributing to CAS in the patient \[[@B24-ijms-20-05444]\].

9.4. Systemic Palliative Chemotherapy {#sec9dot4-ijms-20-05444}
-------------------------------------

Systemic palliative chemotherapy, which is the standard of care in PM patients, induces gastrointestinal symptoms in a substantial proportion of patients, with 19--58% of oncology patients experiencing chemotherapy-induced nausea (CIN) \[[@B80-ijms-20-05444]\]. Systemic cytotoxic chemotherapy can affect all rapidly dividing cells including epithelial cells in the gastrointestinal mucosa \[[@B10-ijms-20-05444]\]. This results in PM patients experiencing a cluster of gastrointestinal side effects such as lack of appetite, mucositis, mouth ulcers, difficulty eating or swallowing, nausea, vomiting, diarrhea, abdominal pain, and malabsorption \[[@B81-ijms-20-05444]\]. Thus, the risk-benefit ratio of palliative, combination systemic chemotherapy should be carefully evaluated in individual PM patients, particularly in salvage treatments for chemo-resistant tumors.

10. Therapy of CAS in PM Patients {#sec10-ijms-20-05444}
=================================

The etiology of CAS in PM is multifactorial. Therapy should ideally target these multiple factors, in particular counteracting the anorexia, systemic inflammation, wasting, and hypermetabolism suffered by the cancer patient. The multimodal treatment approach in CAS includes drug therapies, nutritional support, and physical exercise. Numerous intervention studies in CAS include the use of immunonutrition, immunotherapy (pembroluzimab), L-carnitine, Th1 cytokine blockade (infliximab, etanercept, clazakizumab, MABp1), synthetic ghrelin receptor agonists (anamorelin), NSAIDS (celecoxib), angiotensin II inhibitors (telmisartan), beta-adrenergic antagonists (espindolol, propranolol), β2-adrenergic agonists (formoterol), selective androgen receptor modulators (SARMS, e.g., enobosarm), and anti-myostatin peptides \[[@B12-ijms-20-05444],[@B51-ijms-20-05444],[@B82-ijms-20-05444]\]. Despite completing phase III trials, anamorelin, enobosarm, and MABp1 have not as yet gained either US FDA or European Medical Agency (EMA) regulatory approval for cancer CAS treatment, due to toxicity or a lack of meaningful clinical response in single agent drugs \[[@B83-ijms-20-05444],[@B84-ijms-20-05444]\].

To our knowledge, there are no specific and broadly accepted guidelines for treating CAS in PM patients. PM patients report disabling symptoms and complications that dramatically impact their quality of life. There are several endoscopic or surgical procedures to palliate symptoms such as bowel dysfunction, nausea, abdominal pain, and anorexia in these patients.

Bowel dysfunction is a combined surgical and medical challenge. In PM patients, it can be difficult to distinguish between bowel dysfunction, incomplete, and complete bowel obstruction. In the presence of localized bowel obstruction, endoscopic stenting is the preferred option but is only feasible in the proximal or distal bowel, for example, for relief of a gastric outlet obstruction or a sigmoid colon stenosis. In the presence of diffuse bowel involvement, indications for laparotomy and surgical bypass must be carefully considered, placement of an ostomy being one palliative option with a better risk/benefit ratio for some patients. Placement of a gastrostomy tube for decompression is another option for palliation of gastric outlet, duodenal and non-operable bowel obstruction, or gastrointestinal dysmotility \[[@B8-ijms-20-05444]\]. Pharmaceutical therapy of bowel obstruction includes anti-emetics, corticosteroids, octreotide, and anti-cholinergic agents. A combination of analgesics, anti-emetics, and anti-cholinergics with or without anti-secretory agents can successfully improve symptom control in patients with irreversible bowel obstruction \[[@B85-ijms-20-05444]\].

In PM, treating abdominal pain with opioids often results in nausea, severe constipation, and further impairment of bowel function. Thus, as long as possible, analgesia in PM patients should be achieved with other agents than opioids. In anecdotal cases, cannabinoids have been used for alleviating symptoms of CAS in PM. The endocannabinoid system (ECS) is a widely distributed transmitter system that peripherally and centrally controls gut function and endorphin release. It is an important physiological regulator of gastrointestinal motility and involved in the control of nausea, vomiting, and visceral sensation \[[@B86-ijms-20-05444]\]. Cannabis has been used for the treatment of CAS, however, the adverse psychotropic side effects of THC have often limited its use. Furthermore, two randomized trials in cancer CAS comparing cannabinoids to megestrol acetate \[[@B87-ijms-20-05444]\] and placebo \[[@B88-ijms-20-05444]\] failed to show clinical benefit \[[@B51-ijms-20-05444]\]. More selective or peripherally acting cannabinoids are under development and may become clinically available for the control of abdominal pain, nausea, anorexia, and vomiting \[[@B89-ijms-20-05444]\] in PM patients.

Finally, it was recently reported that an innovative drug delivery platform, pressurized intraperitoneal aerosol chemotherapy (PIPAC) can stabilize nutritional status and improve abdominal symptoms in a substantial proportion of patients with PM of ovarian origin \[[@B22-ijms-20-05444]\]. Application of low-dose cisplatin and doxorubicin as pressurized aerosols during laparoscopy, repeated at 6-week intervals, stabilized or improved CAS in 85% patients with follow-up data. These promising results need to be confirmed in controlled prospective studies.

11. Conclusions and Outlook {#sec11-ijms-20-05444}
===========================

The challenges raised by CAS in patients with PM are considerable. Little attention is often paid to this topic, since PM is still perceived as a terminal condition by many physicians. However, with the emergence of novel multimodal therapies combining cytoreductive surgery, novel chemotherapeutic drugs, immunotherapy, and local interventions, an increasing number of long-term survivors have been reported in the international literature. In parallel, knowledge of the metabolic dysfunction associated with CAS in PM is growing, a number of potential drug targets have been identified, and several drugs are under clinical development. Thus, it is expected that novel drugs targeting metabolic enzymes in combination with innovative drug delivery systems may improve the current standard of care, and contribute to improved control of the negative energy balance, catabolic metabolism, and symptoms of CAS in patients with PM.
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![Phases of starvation. In the first phase of starvation, glycogen stores are utilized rapidly and the body reacts by reducing metabolic needs and resting energy expenditure (REE). In Phase II, gluconeogenesis is the main energy provider, initially from protein carbon chains, then increasingly from fatty tissue. In the third phase, fat stores are depleted. Resting energy metabolism and protein use greatly increase, leading to end of life by exhaustion (adapted from \[[@B15-ijms-20-05444]\]).](ijms-20-05444-g001){#ijms-20-05444-f001}

![Reverse Warburg Effect. Normal fibroblasts/mesothelial cells are transformed into glycolytic cancer-associated fibroblasts (CAFs) under the influence of hypoxic cancer cells. In the process, fibroblasts lose their mitochondrial function via cytokines, oxidative stress, and mitophagy and come to rely on cytoplasmic glycolysis. CAFs release energy substrates (pyruvate, lactate, ketone bodies, glutamine) into the tumor microenvironment (TME) via autophagy and MCT4. These are taken up by MCT1 and glutamine transporters in anabolic cancer cells to maintain OXPHOS and mitochondrial ATP production (adapted from \[[@B33-ijms-20-05444],[@B34-ijms-20-05444]\]).](ijms-20-05444-g002){#ijms-20-05444-f002}

![CAS is a multiorgan syndrome. Peritoneal metastasis induces a systemic inflammatory response triggered by hormonal and inflammatory mediators \[[@B59-ijms-20-05444]\]. Changes caused by PM involve not only the intestines, but also brown and white adipose tissue, muscle, brain, liver, and heart. Thus, CAS in PM patients should be considered as a multi-organ, and not an abdominal syndrome (adapted from \[[@B12-ijms-20-05444]\]).](ijms-20-05444-g003){#ijms-20-05444-f003}

![Pathways in muscle catabolism in cancer CAS. Under normal physiological conditions, anabolic (green) and catabolic (red) muscle metabolic signaling pathways are balanced via reciprocal control of the protein kinase AKT, SMAD, and forkhead family transcription factors (FOXO), and muscle mass remains constant. Muscle wasting in cancer CAS is mediated by decreased host insulin-like growth factor-1 (IGF-1) and increased levels of circulating cytokines including prostaglandins, tumor necrosis factor alpha (TNF-α), interleukin-1β (IL-1β), and interleukin-6 (IL-6). The ensuing mitochondrial dysfunction, autophagy, and apoptosis result in muscle degradation and wasting. Whilst several targeting agents are available, their efficacy in cancer CAS remains to be determined. For more details refer to the text (Adapted from Argiles et al. \[[@B12-ijms-20-05444]\]).](ijms-20-05444-g004){#ijms-20-05444-f004}

![Cachexia-Anorexia Syndrome (CAS) in PM patients. In cancer CAS, energy metabolism is increased by tumor growth and chronic inflammation. Host caloric intake is impaired by tumor invasion of the bowel, ascites, side-effects of drugs, and appetite suppression.](ijms-20-05444-g005){#ijms-20-05444-f005}
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Characteristics of starvation vs. cancer cachexia anorexia syndrome (CAS) (modified from \[[@B6-ijms-20-05444]\]).

  Starvation Response                         Cancer Cachexia Anorexia Syndrome (CAS)
  ------------------------------------------- -----------------------------------------------------------------
  Physiologic response to low energy intake   Pathologic response (inflammation, cytokines, hormonal changes)
  Preserved appetite and ghrelin response     Ghrelin resistance and loss of appetite
  Decreased REE                               Increased REE
  Use of fat \> muscle stores                 Use of both fat and muscle for energy production
  Protein catabolism reduced                  Increased protein turnover
  Reversible                                  Difficult to reverse
